Irrigation has been pivotal in wheat's rise as a major crop in India and is likely to be increasingly important as an adaptation response to climate change. Here we use historical data across 40 years to quantify the contribution of irrigation to wheat yield increases and the extent to which irrigation reduces sensitivity to heat. We estimate that national yields in the 2000s are 13% higher than they would have been without irrigation trends since 1970. Moreover, irrigated wheat exhibits roughly one-quarter of the heat sensitivity estimated for fully rainfed conditions. However, yield gains from irrigation expansion have slowed in recent years and negative impacts of warming have continued to accrue despite lower heat sensitivity from the widespread expansion of irrigation. We conclude that as constraints on expanding irrigation become more binding, furthering yield gains in the face of additional warming is likely to present an increasingly difficult challenge.
W heat is one of the two main crops grown in India and ever since the Green Revolution it has played a critical role for both national and global food security. Globally, India is the second largest producer of wheat, exporting 0.2 million tons annually and contributing 13% of the wheat supply 1, 2 . A fall in Indian wheat yield can, thus, directly affect global cereal prices. India's agriculture sector is also the primary food supplier of India's 1.3 billion people that make up 17.5% of the world's population. Notably, wheat occupies the largest share of dry-season cultivated area, providing one-fifth of household calories and half of all calories obtained from cereals 3 . The impact of weather variability and climate change on wheat yields, therefore, remain central to food security concerns and directly affect the livelihood of small-scale farmers who control the majority of the landholdings in India, and produce 41% of India's food grains 4 Extreme heat remains especially detrimental to wheat production [5] [6] [7] . Prior work has shown that temperature increases due to climate change can reduce global wheat yields by up to 30 percent by mid-century 8, 9 . This is of concern in India as average temperatures have been increasing and are projected to increase even further in the future 10 . Wheat yields have already fallen by up to 5 percent due to current warming 5, 11 and further reductions are likely with predicted future changes in temperature. In response, farmers can adjust their practices to adapt to changes in weather. One such strategy that Indian farmers increasingly rely on is irrigation.
Irrigated crop productivity is generally found to be higher than rain-fed crop productivity 12, 13 , and for decades the Indian government's policies have promoted irrigation expansion as a method for improving agricultural growth, smoothing production risk, and alleviating rural poverty 14 . Between 1966 and 2009, while overall crop area for wheat remained stable, irrigated area saw a rapid increase (Fig. 1 ). This trend underscores the unique role that irrigation has played in boosting increases in yields and productivity.
Variation in irrigation availability, however, remains a deterrent to maximizing potential yield in certain regions. Recent evidence points to irrigation as one of the key factors in explaining wheat yield gaps across the western and eastern parts of the Indo-Gangetic plain 15 . Prior work has focused on irrigation as an adaptation response to rainfall changes [16] [17] [18] but there is limited understanding of the extent to which irrigation can be used to offset temperature increases 7 . Recent work from the United States illustrates the effectiveness of irrigation in completely mitigating the harmful effects of extreme heat 19 . However, these estimates may not translate to India, where wheat is highly irrigated and where physical water availability can be considerably constrained. Some studies even show harmful temperature effects on irrigated yields in Asia 20 . Incorporating irrigation when estimating wheat yield changes to climate, therefore, provides additional information on how growing water scarcity is likely to impact future yields and can also improve our understanding of weather and water stress relationships.
Irrigation accounts for 80-90% of India's total water demand 21, 22 , with wheat production estimated to be the single main driver of the country's increased consumptive irrigation water demand 23 . While certain regions in India have accrued large benefits from irrigation, these benefits have come at the cost of increased pressure on many irrigation water sources 16, 24 . Reduced availability of water for irrigation, especially in areas where non-renewable groundwater is extracted, is likely to have impacts on future production in some states 25 and in these regions irrigation may not be an optimal strategy. Using observed historical relationships between weather, wheat yields and irrigation across all major-wheat producing districts in India for a period of 40 years from 1970 to 2009, this paper addresses two main questions: 1 How much has irrigation contributed to wheat yield increases over time? 2 What role, if any, has irrigation played in reducing heat stress? We find that irrigation, on average, contributes to a 13% yield increase in the 2000s compared to a scenario without irrigation trends, with most of these increases concentrated in Madhya Pradesh (29%), Maharashtra (21%) and Bihar (15%). Irrigation reduces heat sensitivity of yields by roughly one-quarter of the impact seen in fully rainfed conditions. The rate of gain from irrigation expansion, however, has slowed in recent years. Furthering yield gains via irrigation expansion in the face of extra warming is likely to present a substantial challenge.
Results
Estimated impacts of irrigation on wheat yields. We use regression analysis to estimate wheat yields as a function of weather variables and irrigation to predict yield impacts under different counterfactual scenarios. We include major wheat-producing states of Punjab, Haryana, Uttar Pradesh, Bihar, Rajasthan, Madhya Pradesh, Maharashtra, and Gujarat in our analysis. Together, these states account for over 90% of national wheat production (Supplementary Fig. 1 ). Punjab, Uttar Pradesh and Haryana-whose share of national wheat production ranks high-saw greater improvements in yield between 1970 and 2009 relative to increases in irrigation (Fig. 1) . These states were already highly irrigated in the 1970s and 1980s (70-80% and 80-90%) and by the late 2000s, had achieved close to full irrigation coverage. On the other hand, Bihar, Maharashtra, and Madhya Pradesh experienced steep increases in irrigation coverage between 1970 and 2009 compared to other states with proportionate (in the case of Bihar and Maharashtra) and less than proportionate (in the case of Madhya Pradesh) increases in yield ( Supplementary Fig. 2 ). In the subsequent analysis, we test whether these simple associations hold when we account for various factors that may be correlated with yields and irrigation.
Accounting for crop responses to high temperatures is important when studying weather-yield relationships in India 26 . Following current best-practice in estimating yield-weather relationships, we construct degree days using a sinusoidal interpolation of temperature exposure within each day 26, 27 . The advantage of using such an approach is that it captures the full variation in extreme temperature exposure that is otherwise missed when using an alternative measure of degree days based on daily mean temperature 6 . While there is limited guidance in the literature about the appropriate degree day thresholds for wheat since these can differ depending on the region of interest as well as the method of construction 6 , temperatures >30°C are generally found to have negative effects on yields and are considered a good measure of very hot days 6, [26] [27] [28] . Thus, following prior work 26 , we control for a piece-wise linear function of both normal growing degree days (GDD) and extreme degree days (EDD) in our statistical model. We then use a log-linear model to quantify the effects of irrigation, EDD, GDD, total precipitation, and rainfall distribution on wheat yields.
Supplementary Table 1 presents summary statistics of all variables and Supplementary Fig. 3 shows trends in EDD and GDD. Weather variables tend to be correlated over time in the same location (Supplementary Table 2 ) and thus controlling for all of them makes it possible to estimate their separate impacts on yield. Across all models, we control for unobserved time-invariant heterogeneity at the district level using district fixed effects that accounts for soil type, socio-economic characteristics and other geographical characteristics, and year-specific shocks that are common to all districts to account for all common contemporaneous trends, such as national price changes, economic growth and population growth (see "Methods"). In addition, we account for state-specific trends that capture variation in technological progress across states and state-specific policies related to electricity, agricultural, and water subsidies. Table 1 reports the estimated regression coefficients. Columns 1 through 4 report parameter estimates for four models that sequentially include weather variables. In general, the coefficients on EDD are larger in magnitude than for GDD, suggesting that further increases in warming have a stronger impact on yields as temperatures exceed 30°C. The harmful impact of EDD remains robust as additional weather variables are introduced. EDD coefficients are statistically significant (p < 0.01, two-sided t-test) even after inclusion of the precipitation measures and after accounting for spatial correlation (Supplementary Table 3 ). Similar stronger effects on yield are seen when temperatures exceed 27°C, although the magnitude of the impact is lower than when we consider an upper threshold of 30°C ( Supplementary Fig. 4 ).
Of the precipitation measures, we find that an increase in total precipitation in the wet season has a consistent positive effect (p < 0.01, two-sided t-test) on wheat yields. India has a monsoonal climate with a wet season that receives up to 1 m of rainfall and a dry season-during which wheat is grown-when rainfall is inadequate, and irrigation must be used 25 . The supply of rain and the amount that gets stored in reservoirs and as groundwater can, thus, impact cropping and irrigation decisions in the dry season 25 . The number of rainy days impacts the distribution of rainfall in the wet season 29 . A more even distribution of monsoon rainfall can, therefore, help retain soil moisture in the dry season. We find that additional rainy days have positive effects on wheat yields (p < 0.05, two-sided t-test).
In Columns 5 and 6 we introduce the impact of contemporaneous irrigation on wheat yields controlling for both year fixed effects and state-specific trends (columns 5) versus state-specific trends alone (column 6). We find that when the wheat-specific share of irrigation coverage increases from 0 to 1, wheat yields increase by 45-55% on average, keeping other weather variables constant. When comparing our baseline specifications with and without controlling for irrigation (columns 4 and 5 in Table 1 , Supplementary Fig. 5 ), we find that the impact of EDD in models that account for irrigation is slightly higher than models that do not control for irrigation. Therefore, the coefficient on EDD when irrigation is not accounted for reflects a lower-bound estimate. Since the agricultural data does not parse out irrigated and rainfed yields separately, we then interact irrigation coverage with each of the weather variables to measure the extent to which irrigated yields respond to changes in each of the weather variables (Columns 7, 8 and 9 in Table 1 ). The statistically significant positive sign on the interaction between irrigation and EDD (p < 0.01, two-sided t-test) reflects that irrigation reduces the harmful effects of EDD. In the presence of full irrigation coverage, an additional 10 degree days of extreme heat reduces yields by 1.3-1.6%-as opposed to 4-5.7% in the absence of irrigation-across all specifications that include year fixed effects (column 7), state-specific trends (column 8) and non-linear precipitation impacts (column 9). Increases in irrigation coverage, however, are not able to completely offset these negative impacts of extreme heat.
A potential concern with using contemporaneous irrigation coverage is that irrigation is itself endogenous and responsive to changes in weather and other unobservable factors 17 , leading to a biased estimate of the effect of irrigation. To partially alleviate this concern and to remove correlations between irrigation coverage and contemporaneous weather, we also use a long-term average of irrigation share in each district that is time-invariant as well as a time-varying lagged average of irrigation share (over all previous years) in place of the contemporaneous measure (Supplementary Table 4 , Supplementary Fig. 6 ). Regression results of all interactions between irrigation coverage and EDD are summarized in Supplementary Fig. 6 . Like in our baseline model, we find that in the presence of full irrigation coverage, the negative effects of an additional 10 degree days of extreme heat are reduced and yields decrease by~1.5% across all alternative irrigation-interaction regression models.
Break-down of yield changes due to irrigation and weather. To translate these impacts into relative yield changes due to irrigation and weather, we measure the difference between predicted yields using our baseline regression and predicted yields when irrigation or weather are kept at 1970 levels (Fig. 2 , Supplementary Fig. 7 ). To assess changes at the end of the sample period, we average yield changes between 2000 and 2009 to remove concerns about fluctuations in certain years (Fig. 3) .
Over time, the benefits accrued from irrigation have outpaced the costs imposed by weather. We find that the amount of yield that is gained due to irrigation trends upwards over the entire time-period (Fig. 2a) from an average 6% gain in the 1980s to a 13% gain in the 2000s (green line in Fig. 2b ). We also find that wheat yields are around 5% lower than they would have been absent weather changes towards the end of the study period (Fig. 2b) . The amount of warming since 1970 has, thus, been enough to reduce annual yields by nearly half of the gains seen from irrigation over the same time period. On average, the amount of gain from irrigation expansion more than compensates for the losses from warming over the period of analysis. Other studies have similarly found that irrigation access remains a major contributor to yield variability in India 15 and globally 30, 31 . The finding that warming has suppressed yields by 5% is also in line with previous estimates for this region 5 . These average national gains and losses, however, mask considerable spatial heterogeneity (Supplementary Fig. 7) .
Relative yield changes across the major wheat-producing states are summarized in Fig. 3 . Across the majority of states, yield gains due to irrigation (green bars in Fig. 3 ) outweigh yield losses due to changes in temperature and precipitation (orange and gray bars in Fig. 3) . Bihar, Madhya Pradesh and Maharashtra, although producing a lower percentage of India's wheat ( Supplementary  Fig. 1 ), show the greatest relative yield increases by the end of the period. A majority of this increase is attributed to irrigation. Wheat yields are 15, 29, and 21% higher in Bihar, Madhya Pradesh, and Maharashtra at the end of the sample period relative to a baseline irrigation scenario (Fig. 3) . On the other hand, in high wheat production states such as Punjab, Haryana and Uttar Pradesh that already experienced high levels of irrigation in the early years of the analysis, any further gain from irrigation diminishes over time ( Supplementary Fig. 8 ) and is far more limited by the 2000s (Fig. 3) . We find that wheat yields are only 5-8% higher at the end of the sample period compared to a baseline irrigation scenario (Fig. 3) . It is possible that other factors like minimum support price policies 32 and subsidies for electricity 33 have played a substantial role in influencing wheat yield gains in addition to irrigation in these states. Moreover, groundwater irrigation is widespread in these states and the drawdown of water is fast becoming a binding constraint on agricultural productivity 16, 24, 25 . We also find that these states show little to no impact of weather on relative yield changes, reflecting a combination of smaller weather trends in these states and lower sensitivity to weather owing to the predominance of irrigation.
The state of Gujarat is the only outlier where we find that yield losses due to weather changes, out-measure any yield gains from irrigation ( Fig. 3 and Supplementary Fig. 8 ). Wheat yields by the 2000s are~12% lower than they would have been absent any weather changes, and 6% lower even after accounting for any gains from irrigation (Fig. 3) . Trends in EDD and GDD contribute to the majority of this loss.
In addition to irrigation, multiple institutional, political and economic forces have contributed to yield gains. At the heart of farming activity in many regions of India are state subsidies in their various guises. Both input subsidies and output subsidies (guaranteed procurement at set prices that feeds the country's Public Distribution System) influence cropping and investment decisions of farmers. Subsidies for electricity-the key input used for groundwater extraction-amount to 85% of the average cost of supply and play a critical role in enabling groundwater extraction 33 . Free or flatly tariffed electricity provision have led to an increase in the value of irrigation-intensive crops, and hence the area on which these crops are grown 33 . Output subsidies such as minimum support prices for rice and wheat, and their procurement by government agencies directly impact agricultural markets and the price that farmers receive. This, in turn, can skew cropping decisions in favor of these crops even in areas not conducive for their growth 32 . The impact of these policy instruments, however, are far from uniform, and large variations exist across states and regions (Supplementary Table 5) While the western and north-western states rely on welldeveloped groundwater and canal systems, along with highly subsidized electricity, states in the east have access to less developed canal systems and unsubsidized diesel pumps 14 . Procurement of wheat is the highest in the model Green Revolution states of Punjab and Haryana, where irrigated wheat productions systems now occur at large scales (32, Supplementary Table 5 ). In other states, government procurement agencies are limited and absent, or are only recently expanding their activities (for example, Madhya Pradesh) 34 . Understanding the relative contribution of all these additional components to wheat yield gains can help uncover potential trade-offs between energy, water and food security policies, and remains an important area of future work.
Discussion
Irrigated wheat production is likely to be subject to hotter temperatures than those observed in the historical data. We find that irrigation can alleviate the harmful effects of extreme heat to the extent that irrigation can be expanded. The largest increases in yields due to irrigation are seen in Madhya Pradesh, Maharashtra and Bihar. It is possible that in these states yields could be raised even higher with improvements in irrigation access that the states in the west and north-west have benefited from in the past. However, any increase in irrigation access should also be accompanied by sustainability considerations to avoid groundwater depletion that high-irrigated states of Punjab and Haryana are now facing 16, 24, 25 . On the other hand, the contribution of irrigation to yield increases is the lowest in Gujarat where temperature trends have outpaced the benefits of irrigation. As a result, it is possible that irrigation will no longer be able to buffer the harmful effects of extreme heat in the future. The contribution of irrigation also remains limited in already high-irrigated states of Punjab and Haryana. Further use of irrigation as an adaptation mechanism in these regions may, therefore, not be feasible as irrigation reaches full capacity. Even as the role of irrigation diminishes, it is possible that other factors outside of irrigation such as procurement of wheat at minimum support prices will continue to govern wheat production and contribute to wheat yield gains in these states (Supplementary Table 5 ). More work is required to fully understand the physical constraints on irrigation as temperatures rise, and the optimal level of irrigation capacity needed in the long term.
The future of Indian wheat productivity will be determined by many factors, including technological innovation, global markets, and government policies. Although irrigation and weather are only two factors, they have each played an important role in shaping yield trajectories over recent decades (Figs. 2 and 3) . Even though irrigation has accrued net benefits, on average, and gains have increased from 3% in the 1970s to 13% in the 2000s, the rate of gain from irrigation expansion has been slowing down. The trend in irrigation benefits between 1970 and 2000 is statistically different from the trend in the 2000s (p < 0.001, two-sided t-test). On average, gains from irrigation increase by 7.5% per year up to 2000 but subsequently increase at a diminished rate of 0.6% per year (green line in Fig. 2b ; the linear and quadratic trend coefficients are jointly significant, p < 0.001, two-sided t-test). The impacts of weather changes, on the other hand, appear more linear throughout the study period, with effects of cumulative Fig. 2b ). This indicates that despite increased irrigation and the associated reduction in temperature sensitivity, the pace of temperature increase has been sufficient to sustain linear growth in heat impacts. Although irrigation is an effective adaptation to warming, it is unlikely that any further increases will be large enough to substantially slow down the impacts of warming across all states. Instead, the inability for irrigation to increase much more than its current extent in certain states means that climate impacts may accelerate in the absence of other adaptation strategies, since increased irrigation will no longer be cushioning the impact of warming. Estimating impacts of irrigation on wheat yields. To estimate the relationship between weather variables, irrigation and wheat yields, we use a multivariate loglinear regression shown in Eq. (1) log
Methods
Yield dt is wheat yield in district d and year t. Using logged yield allows temperature and precipitation to affect yields proportionally. EDD dt captures cumulative EDD, i.e., the number of days in the growing season with temperatures above 30°C and GDD dt measures cumulative GDD between the lower threshold of 0°C and upper threshold of 30°C. Although the sample average of cumulative EDD above 30°C is low (Supplementary Table 1 ), more than 90% of the observations experience nonzero EDD. In alternative specifications, we use an upper threshold of 27°C and a lower threshold of 5°C 11 .
We also include P dt , a vector that accounts for a quadratic in total precipitation in the preceding monsoon season as well as a measure of the distribution of rainfall. We include the latter since decreases in the number of rainy days have been shown to have negative impacts that are large enough to overturn the benefits of increased total precipitation 28 . Following 28 , the distribution of rainfall is measured by the number of rainy days, i.e., days with precipitation > 0.1 mm. Correlations between the weather variables are shown in Supplementary Table 2 .
Following standard practices in the literature that use statistical analysis to estimate yield-weather relationships, the model includes district time-invariant controls, year fixed effects and state trends. Accounting for these controls is necessary to isolate the impact of exogenous changes in temperature and precipitation on wheat yields. Similar approaches have been used in previous studies on crop yields in India 7, 29, 35 and other countries 27, 36 . A concern with using fixed effects, however, is that these controls can absorb much of the variation in weather. Supplementary Table 6 provides the R-square and standard deviation of the residual variation in weather that remains unabsorbed by different sets of fixed effects. For instance, including only year fixed effects preserves a significant amount of variation, but including district fixed effects the remaining variation decreases substantially, suggesting that spatial differences account for a majority of the variation. There is no further reduction in the variation when state-specific time trends are included. To account for within-district clustering of errors and arbitrary correlation of observations across time, cluster-robust standard errors are used. To account for spatial autocorrelation, we also use Driscoll and Kraay standard errors 37 , which are robust to spatial and temporal dependence (up to two lags of autocorrelation) (See Supplementary Table 3 ). All the yield regressions are areaweighted by 1970-2009 average wheat area.
To measure the change in sensitivity of yields to weather due to irrigation coverage, we include a time-dependent share of wheat-specific irrigated area, I dt , and its interactions with the weather variables. Since our data does not provide information on irrigated and unirrigated yields separately, we are unable to directly estimate the impact of weather on irrigated and unirrigated yields. Instead, the data provides information on the share of wheat cropped area that is irrigated for each district and year which we use as our measure of wheat irrigation. The coefficients β 1 , β 2 , β 3 measure how full irrigation coverage can change the sensitivity of wheat yields to weather impacts.
Contribution of irrigation and weather to yield changes. The estimates from our statistical model are then used to measure the contribution of irrigation and weather to yield changes over time. For this purpose, we calculate the percent change between predicted yields from our main regression model and predicted yields from a counterfactual scenario. We consider three counterfactual scenarios: in the first scenario, we keep irrigation at 1970 levels (averaged over 1970-71), in the second scenario, we hold temperature and precipitation at 1970 levels (averaged over and in the third scenario we only include common trends and other state-specific trends, holding irrigation, temperature and precipitation at 1970 levels. To measure overall impacts of irrigation and weather for each of the major wheat-producing states, we sum the district-wise percent changes.
Caveats. Our analysis has several caveats. Our baseline irrigation scenario is simple and meant to highlight the extent to which irrigation has contributed to wheat yield gains over time. It does not consider the direct impacts of climate change on irrigation water and groundwater recharge 25, 38 which would be needed to fully quantify the additional amount of irrigation capacity needed and the possibility of further groundwater depletion. Our results depend on the model specification and the type of counterfactual scenario we use. Since we include year fixed effects and state-linear trends to predict yields in the counterfactual scenarios we assume that these are independent of irrigation and weather trends. Moreover, like other statistical models, we are unable to account for feedback between intense land-cover change and cooling temperature extremes 39 that can influence the relationship between extreme heat and wheat yields.
Reporting summary. Further information on research design is available in the Nature Research Reporting Summary linked to this article.
